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ABSTRACT 
Spatiotemporal Dynamics and Roles of Septins in Late Cytokinesis 
Daniel M. Hwang 
 
 
 
 
 In the final event of cell division, the thin membrane bridge connecting dividing cells is 
severed in an event known as abscission. This completion of cell division must be coordinated 
with the segregation of chromatin into two distinct membrane compartments. When chromosome 
segregation fails to complete successfully, chromatin becomes trapped at the intracellular bridge 
and premature severing of this bridge can lead to changes in genetic material. In order to monitor 
the clearance of chromatin at the intracellular bridge, cells employ the NoCut checkpoint which 
acts through the Aurora B serine/threonine kinase. Leading up to abscission, two events 
characterize late cytokinesis: the compaction of microtubules at the intracellular bridge and the 
transition of spastin/ESCRTIII complex to the secondary ingression site where microtubules are 
disassembled and the membrane is severed. In this work, using immunofluorescence and live cell 
techniques, I have characterized the spatiotemporal dynamics of septins at the intracellular bridge 
with respect to microtubules as well as with spastin and ESCRTIII complex proteins. I have 
found that septins bind microtubules and form two membrane-associated rings. These two 
populations of septins display distinct spatiotemporal dynamics, suggesting separate roles in late 
cytokinesis. The microtubule binding population of septins appear to bundle microtubules and 
mutational analysis of serine residues, which matched the consensus sequence for Aurora B 
kinase phosphorylation, lead to changes in microtubule compaction, which were coincident with 
loss of septin association with microtubules at the intracellular bridge. Treatment with hesperadin, 
a small molecule inhibitor of Aurora B kinase also produced aberrant accumulation of septins at 
the intracellular bridge. Characterization of the spatiotemporal dynamics of septins with 
CHMP4B, CHMP2A and spastin showed that these proteins do not begin to accumulate strongly 
at the intracellular bridge or transition to the secondary ingression zone until septin rings 
vi 
disappear. I hypothesize that septins aid in the compaction of microtubules at the intracellular 
bridge and form diffusional barriers, which prevent the abscission machinery from transitioning 
to the abscission site until the NoCut checkpoint has been satisfied. Overall, I identified septins as 
potential components of the abscission machinery and regulators of abscission timing 
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Chapter 1: Introduction 
 Cell division is marked by the segregation of copied chromosomes and the division of 
cytoplasm and cell machinery to produce two distinct membrane compartments. In the successful 
execution of this process, each set of genetic material must be completely separated prior to the 
fission of membranes in order to produce two genetically identical daughter cells (Chen et al, 
2012). To coordinate this process, checkpoints are employed to ensure proper chromosome 
separation. During cytokinesis, the NoCut checkpoint monitors the presence of chromatin at the 
intracellular bridge and prevents abscission, the process of severing the membrane connecting 
daughter cells (Norden et al., 2006). The family of small GTPases, septins, are known to affect 
both chromosome congression during metaphase and cytokinesis (Spiliotis, et al., 2005, Joo, et 
al., 2007). Septins are highly conserved in metazoa and form hetro-oligomers which can bind to 
membranes, microtubules and actin in a variety of subcellular structures (Spiliotis and Gladfelter, 
2011). Depletion of septins results in defects in mitosis and often in failure to complete mitosis, 
leading to binucleated cells (Estey, et al., 2010, Joo, et al., 2007, Spiliotis, et al., 2005). At the 
organismal level, changes in the copy number and expression of septins are often present in 
colorectal and breast cancers (Connolly, et al., 2011, Toth, et al., 2011) and so better 
understanding of the role of septins in mitosis may lead to the development of novel cancer 
therapeutics. 
 As cells enter mitosis, chromatin condenses to form the dense structures known as 
chromosomes (Alberts et al., 2008). This is concurrent with the recruitment of γ-tubulin to the 
centrosomes, initiating the formation of the mitotic spindle (Alberts et al., 2008). Microtubules 
emanating from the mitotic spindle then seek out connections with chromosomes through the 
kinetochore, a protein rich structure at the center of each chromosome (Alberts et al., 2008).  
Once chromosomes have connected to the mitotic spindle they are then aligned at the mid-plane 
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of the dividing cell called the metaphase plate (Spiliotis, et al., 2005). In this process, septins 
form filaments associated with microtubules at segments close to the kinetochores of congressed 
chromosomes at the metaphase plate (Spiliotis, et al., 2005). Loss of septins in dividing cells 
results in failure to properly congress to the metaphase plate and a loss of maintenance of 
congressed chromosomes marked by gradual dislocation from the metaphase plate (Spiliotis, et 
al., 2005). These effects are due to mislocalization of the mitotic kinesin, CENP-E (Centromere 
Associated Protein E), which has been shown to directly interact with the C-terminal coiled coil 
of SEPT7 (Zhu, et al., 2008). This kinetochore associated, plus end directed motor protein 
stabilizes kinetochore-microtubule connections and aids in chromosome congression by binding 
to microtubules and “walking” to plus ends, bringing chromosomes closer to the metaphase plate 
(Zhu, et al., 2008).  
Entering anaphase, chromosomes segregate to opposite poles of the cell through the 
shortening of the kinetochore microtubules in anaphase A and the elongation of the mitotic 
spindle in anaphase B (Alberts et al., 2008). In the space between, the antiparallel microtubules of 
the “central spindle” will serve as the platform for abscission machinery (Chen et al., 2012). As 
this assembly of microtubules begins, actin and myosin associate with the membrane at the mid-
point of the central spindle where in a process called cleavage furrow ingression they act to 
constrict the membrane, dividing the cell into two compartments which will eventually become 
two distinct cells (Chen et al., 2012). During the process of cleavage furrow ingression, SEPT2 
associates with the C-terminal tail of nonmuscle myosin II and this interaction appears important 
for stable contraction of the membrane (Joo et al, 2007).  Full activation of myosin II binding to 
actin requires phosphorylation by citron kinase and rho associated protein kinase (ROCK) and it 
has been suggested that septins scaffold this interaction (Joo et al., 2007). In cells treated with a 
cell penetrating peptide fusion to a fragment of the C-terminal tail of myosin II, septins fail to 
associate with myosin II but do co-localize with ROCK and citron kinase (Joo et al., 2007). These 
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results suggest that septins scaffold the interactions between myosin light chain and the kinases 
which activate its binding to actin.  
Following cleavage furrow ingression, a thin bridge composed of overlapping antiparallel 
microtubules is formed (Hu et al, 2011). This region of overlap is termed the Flemming Body, 
and is a protein rich structure upon which the machinery of abscission is assembled (Hu et al, 
2011). In abscission, the microtubules of the intracellular bridge are compacted and disassembled 
sequentially starting at a site approximately one micron away from the Flemming body (Guizetti 
et al, 2011). Relative to the Flemming body, one side of the intracellular bridge microtubules are 
disassembled followed by the remaining side (Guizetti et al, 2011). Following this disassembly, 
the membrane is constricted until it is physically separated, terminating cytokinesis (Guizetti et 
al, 2011). Central to the efficient execution of this process is the delivery of endocytic and 
secretory vesicles to the intracellular bridge which are believed to deliver components of the 
abscission machinery and/or remodel the membrane for the localization of abscission machinery 
(Chen et al., 2012). In work aiming to distinguish the individual roles of septins in orchestrating 
abscission, SEPT9 was identified as a protein necessary for the localization of sec8, a component 
of the vesicle tethering exocyst complex (Estey et al., 2010). In knockdown cells, this decrease in 
sec8 was concurrent with an increase in cells with persistent intracellular bridges and binucleated 
cells (Estey et al., 2010). SEPT9 contains five alternate splice forms with variable lengths to the 
large N-terminal extension specific to SEPT9 (Estey et al., 2010). Ectopic expression of 
SEPT9_i4 (septin 9 isoform 4) also leads an increase in cells with persistent bridges and 
binucleation indicating that the N-terminus of SEPT9 is required for cytokinesis completion, 
presumably through recruitment of exocyst complex members (Estey et al., 2010).  
 In the final event of cell division, the membrane bridge linking daughter cells is severed. 
This is characterized by the compaction of the microtubules of the intracellular bridge followed 
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by constriction of the membrane at a site approximately 1m away from the Flemming body 
(Guizetti et al, 2011). Originally thought to be an unimportant step of cell division, it is now 
known to be a highly regulated process orchestrated by proteins originating from a number of 
cellular systems including, actin and microtubule associated proteins, secretory and membrane 
associated proteins and kinases (Chen et al., 2012). Among these proteins, the AAA ATPase 
spastin and ESCRT proteins play critical roles. Spastin is a microtubule depolymerase shown to 
disassemble microtubules through interactions with tubulin C-terminal tails (Roll-Mecak & Vale, 
2008). In abscission, the MIT (Microtubule Interacting and Trafficking molecule) domain of 
spastin interacts with the MIM (MIT interacting motif) of CHMP1B a component of the 
membrane severing complex ESCRTIII (Yang et al, 2008). Point mutations to the CHMP1B 
MIM reduce spastin localization to the intracellular bridge and result in defective cytokinesis 
completion as evidenced by an accumulation of cells linked by microtubule bridges (Yang et al, 
2008). The ESCRT complexes are membrane scission proteins which were traditionally 
associated with their role in interphase cells where they participate in the formation of 
multivesicular bodies (MVBs) by the constriction of membranes to form vesicles (Hurley & 
Hanson, 2010). In recent years they have been identified as critical components of the abscission 
machinery, where knockout of certain ESCRT members result in prolonged cytokinesis and 
persistent intracellular bridges (Hurley & Hanson, 2010). ESCRT assembly is a complex event, 
and MVB formation is marked by the sequential assembly of ESCRT0, I, II and III protein 
complexes (Hurley & Hanson, 2010). In cytokinesis, ESCRTII proteins do not appear to be 
involved, but the centrosomal protein of 55kDa (CEP55) recruits Alix and ESCRTI proteins 
(Hurley & Hanson, 2010., Alonso Y Adell & Teis, 2011). These then recruit ESCRTIII proteins 
CHMP4 and CHMP6, which in turn recruit CHMP2 and CHMP3. CHMP2 and CHMP3 recruit 
CHMP1 and CHMP5 and through CHMP1B, the microtubule depolymerase spastin is recruited 
(Hurley & Hanson, 2010., Alonso Y Adell & Teis, 2011).. CHMP2A also recruits vsp4, a protein 
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known to disassemble ESCRTIII complex proteins and the only catalytically active member of 
these complexes (Hurley & Hanson, 2010., Alonso Y Adell & Teis, 2011). A recent study 
showed that without Vsp4, ESCRT complex proteins accumulate in an uncontrolled fashion and 
block the processing of cargo in the endosomal pathway (Hurley & Hanson, 2010). Vsp2, the 
yeast analog of CHMP2A has been suggested to cap ESCRTIII helical filaments, thus limiting 
their size (Hurley & Hanson, 2010.,) It has also been shown that Vsp2 is essential for ESCRTIII 
disassembly in both in-vitro and in-vivo settings (Hurley & Hanson, 2010). CHMP2A has been 
shown to localize to the twin ring structures peripheral to the Flemming body and its depletion 
results in defective assembly in of 17nm helical filaments which are central to the constriction of 
the membrane and results in an increase in the abscission time (Guizetti et al., 2011). In recent 
years, there has been an explosion of interest in the abscission mechanism and while much 
progress has been made in uncovering the key players involved in the abscission event, our 
understanding of mechanism which regulate the timing of abscission still remains unclear. 
 Our understanding of abscission timing primarily revolves around the protein Aurora B 
kinase and its involvement of what has been dubbed the No-Cut abscission checkpoint (Norden et 
al., 2006). Aurora B kinase is a serine/threonine kinase which is a known regulator of mitotic 
progression (Liu et al, 2009). It is best studied for its involvement in the metaphase checkpoint 
which prevents anaphase onset in the presence of non-bioriented chromosomes (Liu et al, 2009). 
In yeast cytokinesis, the activity of the yeast analog Ipl1 acts in the presence of chromatin trapped 
at the intracellular bridge (Norden et al., 2006). This mechanism allows cells to coordinate 
completion of cytokinesis with the clearance of genetic material from the intracellular bridge and 
thus prevents chromosome breakage (Norden et al., 2006). Inactivation of the No-cut checkpoint 
induces premature completion of abscission and causes breakage of chromatin trapped in the 
intracellular bridge (Norden et al., 2006). In mammals, Aurora B kinase has been shown to 
regulate the timing of abscission through phosphorylation of ESCRTIII component CHMP4C 
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(Carlton et al., 2012). Mutation of the Aurora B phosphorylation site in CHMP4C decreases the 
amount of time required to complete cytokinesis, indicating that the ESCRTIII activity is 
decoupled from the No-cut checkpoint in the absence of phosphorylatable CHMP4C (Carlton et 
al., 2012).  
Septins are well known to be mitotic regulators with roles in chromosome congression 
and segregation (Spiliotis et al., 2005) and cleavage furrow formation (Joo et al., 2007). There is 
also data indicating that septins have a role in later stages of cytokinesis where depletion of 
SEPT9 produces defects in exocyst complex recruitment to the intracellular bridge (Esty et al., 
2009). It is unclear however, how septins play a role in orchestrating the events of late cytokinesis 
and in particular abscission. In the work below, I show that septins associate with the intracellular 
bridge in two distinct populations: a microtubule and membrane associated population. The 
association of septins with microtubules is concurrent with compaction of microtubules, an event 
known to precede abscission and the disassociation of membrane based septins is concurrent with 
arrival of key components of the abscission machinery. Lastly, I show that mutating residues 
matching the Aurora B Kinase consensus sequence in SEPT2 can lead to defects in microtubule 
compaction.  
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Chapter 2: Methods and Materials 
Tissue Culture & Transfections 
MDCKII/G cells and the stable MDCK-SEPT2-mCherry and α-tubulin-GFP cell lines were 
maintained in Dulbeccos Modified Eagles with low glucose and supplemented with 1 g/liter 
NaHCO3 and 10% FBS. Cells Were seeded at 50,000 cells per plate on 22-mm coverslips or 35-
mm MatTek glass coated with rat tail collagen. 1.5 µg plasmids and 0.1 µM siRNAs were 
transfected with Lipofectamine 2000 (Invitrogen).  
Plasmids 
SEPT2-mCherry plasmids were contained in pmCherry-N1 vector and mutants of this plasmid 
were generated by designing primer for site directed mutagenesis. M85 Spastin constructs were a 
gift from the Vale lab and mutants were generated by designing primers for site directed 
mutagenesis. CHMP4B plasmids were contained in pCR3.1 GFP-EXN vector at EcoRI and XhoI 
sites. CHMP2A-GFP constructs were obtained commercially from Adgene. Aurora B kinase 
constructs were a gift from the Lampson lab. 
Immunofluorescence & Time Lapse Microscopy 
Cells were fixed with 3% PFA in PHEM buffer at 37C (60 mM Pipes-KOH, pH 6.9, 25 mM 
Hepes, 10 mM EDTA, and 2 mM MgCl2) containing 0.1% Triton X-100 (Sigma Aldrich) for 20 
minutes. Primary antibodies to SEPT2 (N5N; gift from M. Kinoshita, Nagoya University, 
Nagoya, Japan), α-tubulin (DM1A; Sigma-Aldrich), PRC1 (Santa Cruz Biotechnology), AIM-1 
(BD Biosciences), SEPT7 (IBL) and secondary donkey DyLight 488–, 549–, 594–, or 649–
conjugated F(ab’)2 to mouse or rabbit IgG (Jackson ImmunoResearch Laboratories, Inc). were 
diluted in PBS with 1% BSA. Coverslips were mounted with FluorSave (EMD) or Vectashield 
(Vector Laboratories) and imaged on a microscope (IX-81; Olympus) equipped with a motorized 
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stage (ProScanII; Prior), a camera (Orca-R2; Hamamatsu Photonics), a Plan Apochromat 
60×/1.40 NA objective, and the SlideBook 5 software. For live cell time lapse imaging, a custom 
built stage-top chamber with a temperature controller (Air-Therm ATX; World Precision 
Instruments) was used. Cells were switched into phenol red–free media supplemented with 20 
mM Hepes (Invitrogen) prior to imaging.  
Time-Lapse Image Analysis 
Line scan analysis was performed using an custom MATLAB based script and the MATLAB 
Image Processing Toolbox. Prior to analysis, images were cropped and rotated to only include the 
area of interest. Intensity values were computed by calculating the average of pixels above a 
threshold value in each column of pixels in the image. For the microtubule width analysis, images 
are cropped and rotated where the intracellular bridge microtubules take up the majority of 
cropped image area. Images are then converted to a binary image based on a threshold value at 
90% of the intensity. Object IDs are assigned to the image using 4-connectivity connected 
component analysis and all objects smaller than the largest object are discarded leaving only the 
microtubule bridge. Width in each column of the image matrix are then calculated by computing 
the pixel distance between the first and last pixel in each column associated with the intracellular 
bridge microtubule object ID. 
Immunofluorescence Image Analysis 
Quantification of microtubule surface area was performed in Slidebook 5.0 software (Intelligent 
Imaging Innovations) by outlining the region of interest and masking off the remainder of the 
image. Intracellular bridge microtubules were then masked off using a Ostu thresholding method. 
The region of interest mask was then subtracted from the Otsu threshold mask to obtain surface 
area of each image.  
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Pre-Extraction and 1-butanol Experiments 
MDCK cells were plated at sub-confluent densities and were subjected to various treatments prior 
to fixation. In pre-extraction experiments, cells were washed once with PHEM buffer (60 mM 
Pipes-KOH, pH 6.9, 25 mM Hepes, 10 mM EDTA, and 2 mM MgCl2) warmed to 37C then 
subjected to 0.5% Triton X-100 (Sigma Aldrich) in PHEM buffer for 3 minutes prior to fixation 
with 4% PFA. Control cells were fixed in 4% PFA containing 0.1% Triton X-100 after two 
washes in PHEM buffer. For 1-butonal experiments, cells were either treated with 2% 1-butanol 
or 2% DMSO for 5 minutes in DMEM media, washed twice with PHEM buffer and fixed in 4% 
PFA containing 0.1% Triton X-100. All cell groups were stained with anti-SEPT2 (N5N; gift 
from M. Kinoshita, Nagoya University, Nagoya, Japan) and presence or absence of septin rings 
were evaluated.  
Ground State Depletion Microscopy 
All ground state depletion images were taken using a Leica SR GSD (Leica Microsystems) with a 
HCX PL APO 100x objective with a N.A of 1.47 and a 1.6x Mag Changer. Images were acquired 
using an Andor iXon3 897 EM-CCD camera. Cells were fixed with 3% PFA in PHEM buffer at 
37C (60 mM Pipes-KOH, pH 6.9, 25 mM Hepes, 10 mM EDTA, and 2 mM MgCl2) containing 
0.1% Triton X-100 (Sigma Aldrich) for 20 minutes. Cells were stained with primary antibodies to 
SEPT2 (N5N; gift from M. Kinoshita, Nagoya University, Nagoya, Japan), α-tubulin (DM1A; 
Sigma-Aldrich), and AIM-1 (BD Biosciences) at 4C overnight then washed 3 times with 1% BSA 
and stained with secondary antibodies overnight at 4C with AlexaFluor 532 and AlexaFluor 647. 
Cells were mounted in MEA media and sealed in depression slides using Twinsil. 
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Chapter 3: Results 
 In order to investigate the septin distribution in abscission, I examined the spatiotemporal 
dynamics of SEPT2 in MDCKs which stably expressed SEPT2-mCherry and transfected them 
with α-tubulin-GFP. I then examined these two proteins in live cells. In cells which had 
completed cleavage furrow ingression, I observed a single septin ring which is characteristic of 
the septin localization for the contractile ring (Figure 1A). This ring of septins was then observed 
to split into two ring-like structures which flanked the Flemming body. The splitting of the septin 
ring was also concurrent with a strong association of SEPT2 with the microtubules at the 
intracellular bridge. SEPT2 remained associated with intracellular bridge microtubules as they 
compacted, an event previously described by others to precede the abscission event (Guizetti et 
al., 2011). I also observed a decrease in the intensity of SEPT2 ring-like structures throughout this 
process. Minutes before the microtubule cutting event which marks abscission (Guizetti et 
al.,2011), I noted that SEPT2 ring-like structures were barely visible or not visible at all on the 
side of the Flemming body where microtubules were disassembled first. On the remaining side of 
microtubules, I also observed ring disappearance followed by disassembly leaving behind the 
Flemming body (Figure 1A). 
 We had previously reported that septins may act as bundling proteins for microtubules in 
interphase cells (Bowen et al., 2011) which led us to examine the relationship between septin 
association with the intracellular bridge microtubules and the compaction of these microtubules. 
Previous studies have shown that overlapping microtubules show an increase in intensity at the 
spot of overlap (Bowen et al., 2011) and so I characterized the intensity profile of microtubules 
and septins across the intracellular bridge over time (Figure 1B). Initially, SEPT2 localizes most 
strongly as ring-like structures adjacent to the Flemming body with little microtubule co-
localization. As SEPT2 increasingly associates with microtubules at the intracellular bridge, I saw 
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that microtubule intensity across the bridge also increases (Figure 1B). Since bundling of 
microtubules should show a decrease in the lateral width of the microtubules at the intracellular 
bridge, I developed a MATLAB based script which can quantify the width of microtubules at 
each position across the intracellular bridge. This trace of microtubule width was plotted with 
SEPT2 intensity against position using the Flemming body to center each graph and examined 
over time (Figure 2A). As SEPT2 remains stably associated with intracellular bridge 
microtubules, there is a coincident decrease in the lateral width of these microtubules.  To further 
examine this relationship, I utilized ground state depletion super-resolution microscopy (Figure 
2B). I observed that microtubules at the intracellular bridge which were not coated by SEPT2 had 
a diffuse and often tangled morphology. Conversely, SEPT2 coated microtubules appeared 
straight and parallel and often brighter in intensity, indicating higher overlap. Ground state 
depletion images of SEPT2 and microtubules in early, intermediate and late stages of cytokinesis 
indicated that microtubules become increasingly parallel and compact, as well as associated with 
SEPT2 (Figure 2C). To determine the orientation of these microtubules, I imaged SEPT2-
mCherry and EB1-GFP in live cells. I found that in microtubule regions coated with SEPT2, 
microtubule plus ends were consistently oriented in a parallel fashion with EB1 comets streaming 
toward the Flemming body as shown by kymograph analysis (Figure 2D). 
I next chose to examine the relationship between septins and known abscission regulator 
Aurora B kinase. I observed that aurora B kinase localized to the region where SEPT2 ring like 
structures were located, but showed minimal overlap with microtubule-associated SEPT2 (Figure 
3A,B). The peak intensity of Aurora B kinase association with microtubules often occurred near 
the minimum of SEPT2 intensity. Interestingly, SEPT2 ring structure intensity often peaked at 
Aurora B kinase maximum (Figure 3C).  To probe whether Aurora B inactivation could alter 
septin assembly at the intracellular bridge, I treated cells with hesperadin, a small molecule 
inhibitor of Aurora B (Hauf et al., 2003) (Figure 3D). I observed accumulation of septins in the 
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region of microtubule exclusion and as previously reported a decrease in the amount of time 
required to complete abscission (Hauf et al., 2003). Quantification of this zone of exclusion in a 
population of cells also shows that more septins accumulate in the region of SEPT2 microtubule 
exclusion (Figure 3E). To probe for potential phosphorylation of septins by Aurora B, I searched 
for sites on SEPT2 which match the consensus sequence for phosphorylation by Aurora B kinase 
in mammals. I identified 4 sites matching the pattern R/K-X-S/T (Carlton et al., 2012) at serine 
31, threonine 52, threonine 98, serine 234 of the mouse sequence for SEPT2 and proceeded to 
generate two mutants for each site. A map of the Aurora B Kinase phosphorylation consensus 
sequences is shown in Figure 8. The serine or threonine at the third position of the consensus 
sequence was mutated to either aspartic acid to mimic phosphorylation or to alanine to mimic the 
inability to be phosphorylated. I termed these mutants either phosphomimetic or phosphodeficient 
respectively. To screen these mutants for potential effects, I transfected MDCKs with each 
mutant and stained for SEPT7 and microtubules (Figure 4A). In control cells, SEPT7 appeared 
identical to SEPT2. From this screening, I identified serine 31 and serine 234 of SEPT2 as 
candidates for Aurora B phosphorylation. Overexpression of SEPT2-S31D, SEPT2-S234D, 
SEPT2-S234A (Figure 4A) mutants disrupted SEPT7 localization at the intracellular bridge. I 
also observed that in cells which septins did not strongly coat microtubules, the microtubules in 
these cells appeared to be more diffuse. Interestingly, expression of the SEPT2 S31A mutant did 
not affect the ability of SEPT7 to localize to microtubules and these cells appeared similar to wild 
type overexpression. In many cases the SEPT2-S31D mutation showed complete disruption of 
SEPT2 microtubule association while ring structures were preserved (Figure 4A). I quantified the 
surface area of microtubules at the intracellular bridge within a population of cells to examine 
whether these changes are specific to the expression of the mutant. Expression of the SEPT2-
S31D mutant shows a nearly two-fold increase in intracellular bridge microtubule surface area 
(11.2 µm2) compared to SEPT2 wild type (5.9 µm2) and SEPT2-S31A (6.6 µm2), respectively 
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(Figure 4B). In live MDCK-α-tubulin-GFP cells expressing the SEPT2-S31D mutant, I observed 
that the intracellular bridge microtubules had a diffuse appearance and in some cases did not 
compact into a single bundle before disassembly (Figure 5).  
 I next sought to characterize the spatiotemporal dynamics of septin rings with key 
members of abscission machinery. Previous examination of ESCRTIII components show that 
they form ring structures which flank either side of the Flemming body (Guizetti et al, 2011). 
Since ESCRTIII components are membrane binding proteins, I sought to determine if septin rings 
were also membrane based. I pre-extracted cells with 0.5% Triton X-100 prior to fixation to 
disturb membrane bound proteins. When compared to cells which were simultaneously fixed and 
extracted with 0.1% Triton X-100, the number of cells which displayed visible cell rings show a 
statistically significant decrease from 77% to 26% (Figure 6). Septins are known to bind to 
strongly to PIP2 membranes (Tanaka-Takiguchi et al., 2009) and so I blocked PIP2 synthesis by 
treating cells with 2% 1-butanol (Boucrot et al., 2006) prior to simultaneous fixation/extraction 
and found that this also decreased the number of cells, which displayed visible septin rings from 
72.8% to 35.9% when compared to the 2% DMSO vehicle control. I examined CHMP2A and 
CHMP4B, key ESCRTIII components important in functional ESCRTIII construction (Hurley & 
Hanson, 2010., Alonso Y Adell & Teis, 2011). To determine the spatiotemporal relationship 
between septins and CHMP4B, I performed live cell imaging of MDCK-SEPT2-mCherry cells 
transfected with CHMP4B-GFP (Figure 7A,B). I observed that CHMP4B/2A accumulated in the 
region between the two SEPT2 ring-like structures and showed minimal overlap while SEPT2 
ring intensity remained high. As SEPT2 ring-like structure intensity begins to decrease, 
CHMP4B/2A begins to occupy the region previously occupied by SEPT2. Remarkably, transition 
of CHMP4B to the secondary ingression zone did not occur until SEPT2 rings had completely 
disappeared. Next, I examined the spastin accumulation at the intracellular bridge with respect to 
SEPT2 (Figure 7C). Since wild type M85 spastin is difficult to study due to its microtubule 
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severing activity I expressed a catalytically inactive mutant which does not affect its microtubule 
localization (Lacroix et al., 2010) in MDCK-SEPT2-mCherry cells. As previously reported, 
spastin accumulation did not occur until after CHMP4B was recruited (Guizetti et al., 2011) and 
notably this recruitment occurred when SEPT2 ring-like structures intensity was significantly 
decreased. In contrast to CHMP4B, this accumulation showed direct overlap with the region 
where SEPT2 had previously occupied. To determine the timing of CHMP4B and M85 Spastin 
accumulation relative to SEPT2 ring disappearance, I quantified the time by which either M85 
spastin or CHMP4B reached their half maximum value relative to the time of SEPT2 ring 
disappearance (Figure 7D). I found that on average, CHMP4B arrived earlier than spastin, 
reaching their half maximum value intensity some 10.1 minutes before spastin reaches its half 
maximum intensity value. Examining the accumulation profiles of these proteins, I found that 
CHMP4B shows a slow increase in intensity as SEPT2 ring-like structures decrease in intensity 
while spastin shows a sharp increase in intensity right as septin rings reach their minimum value 
(Figure 7E). 
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Figure 1. Spatiotemporal Characterization of Septins and Microtubules. (A) MDCK cells stably expressing 
SEPT2-mCherry and transfected with α-tubulin-GFP. (B) Fluorescence intensity analysis across the 
intracellular bridge relative to the Flemming body in each timepoint. Scale bars are 5 m. 
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Figure 2. Septin Association with Microtubules is Coincident with their Compaction. (A) Width analysis using 
custom MATLAB script. Intensity of SEPT2 across the intracellular bridge is plotted with width of 
microtubules relative to the Flemming Body. (B, C) Immunofluorescence Ground State Depletion microscopy of 
SEPT2 with microtubules. Kymograph analysis of EB1 particles relative to SEPT2 at the intracellular bridge. 
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Figure 3. Aurora B & Septins Show Mutual Exclusion on Microtubules. (A, B). Ground state depletion 
microscopy and epi-fluorescence microscopy of SEPT2 with Aurora B Kinase. (C) Line scan of a representative 
image of Aurora B kinase with SEPT2 at the intracellular bridge relative to the Flemming Body. (D) Epi-
fluorescence microscopy of cells treated with hesperadin and vehicle control cells. Quantification of the zone of 
microtubule exclusion of SEPT2. 
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Figure 4. Mutational Analysis of Potential Aurora B Phosphorylation Sites. (A) SEPT2-WT, SEPT2(31D), 
SEPT2(S31A), SEPT2(S234D), SEPT2(S234A) are overexpressed in MDCKs and stained for SEPT7 and 
tubulin. Scale Bars are 5 µm. (B) Quantitation of microtubule surface area of data sets for SEPT2-WT, 
SEPT2(S31D) and SEPT2(S31A). Each group contains at least 50 cells.  
 
 
 
 
 
19 
 
 
 
 
 
 
 
 
Figure 5. SEPT2(S31D) Mutant Produces Defects in Microtubule Compaction. Timelapse microscopy of 
MDCKs stably expressing α-tubulin-GFP and overexpressing SEPT2(S31D)-mCherry mutant. Scale bar is 5µm. 
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Figure 6. Septin Rings are Membranous Structures. MDCKs were plated at sub-confluent densities and fixed 
under different conditions. Normal, 2% DMSO groups were simultaneously fixed and permeablized using 4% 
PFA, 0.1% and Triton X-100 solution. In the pre extraction group, cells were first permeablized using 0.5% 
Triton X-100 for 3 minutes then fixed with 4% PFA. Cells in the 2% 1-butanol group were treated with 2% 1-
butanol for a period of 5 minutes before fixation with  4% PFA, 0.1% Triton X-100 solution. Percentage of cells 
displaying ring structures were assayed within a population. For each group n>50 cells. 
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Figure 7. Spatiotemporal Dynamics of SEPT2 with Abscission Machinery. Averaged line scan analysis of 
CHMP2A, CHMP4B and M85 Spastin (green line) with SEPT2 (red line) relative to the Flemming Body. Inset 
show the region analyzed to produce line scan plots (A,B,C). Representative intensity profiles at the site of septin 
rings, up to the time of septin ring disappearance for CHMP4B and M85 Spastin are shown (D,E). Quantitation 
of time by which intensity of CHMP4B and M85 Spastin reached their half maximums (F). 
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Figure 8. Sequence Map of SEPT2 Mouse:  Potential Aurora B Kinase phosphorylation consensus sequences are 
highlighted. The consensus sequence used to generate the SEPT2-S31D mutant is highlighted in black.   
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Chapter 4: Discussion 
In the work presented here, I found that septins associate strongly with the intracellular 
bridge by binding to microtubules and by forming membrane associated rings at the abscission 
site. Both populations of septins shared spatiotemporal relationships with regulators and 
components of the abscission process. Septins bound to microtubules appeared to be excluded 
from microtubules bound to Aurora B kinase and mutating residues on SEPT2 which matched the 
Aurora B kinase consensus sequence for phosphorylation affected septin binding to microtubules. 
The inability for septins to bind to microtubules also resulted in defects in microtubule 
compaction. Septin rings localized to the site where microtubule disassembly initially occurs and 
where abscission also takes place. ESCRTIII did not show much overlap with septin rings and 
appeared to be constrained between the septin rings. ESCRTIII complex proteins were unable to 
translocate to the site of abscission until septin rings had disappeared.  
I hypothesize that septin localization to the intracellular bridge aids in the efficient 
execution of abscission. Microtubule association aids in the compaction of these microtubules by 
bundling them; a function of septins which was previously observed in interphase cells (Bowen et 
al., 2011). This bundling may later allow for efficient severing of the compacted microtubules by 
the microtubule depolymerase spastin, an event which occurs just prior to the membrane severing 
event (Guizetti et al., 2011). Membrane-bound septins rings may act as diffusional barriers to 
abscission machinery. These rings could potentially act in two ways. First, the physical blockade 
of the secondary ingression site will prevent premature transition of the ESCRTIII complex and 
thus prevent abscission from occurring prematurely, possibly when chromatin is trapped in the 
intercellular bridge. Secondly, these barriers may allow for the concentration of membrane bound 
abscission machinery, thus facilitating their efficient assembly.  
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The data presented here suggest that Aurora B kinase is a regulator of septin dynamics at 
the intracellular bridge. Phosphorylation of septins by Aurora B kinase may cause conformational 
changes which tend toward the formation of curved filaments rather than linear ones. Another 
possibility is that phosphorylation alters septin binding affinity for microtubules which matches 
our observation that the SEPT2(S31D) phosphomimetic mutant does not bind microtubules. 
Overexpression of this mutant thus leads to incorporation into every septin filament and prevents 
microtubule binding even outside of the zone of Aurora B kinase exclusion. Phosphorylated 
septins may also show an increase in binding affinity for membranes, causing them to form 
diffusional barriers at the site of abscission. This is consistent with our observation that septin 
rings occur at the peak of Aurora B intensity at the intracellular bridge which is also the peak of 
microtubule exclusion of septins (Figure 3C). It is unclear, however, how septins are localized in 
the double ring pattern observed. One possibility is that the mitotic kinesin CENP-E aids in their 
localization. SEPT7 is known to directly bind to CENP-E (Zhu et al., 2008) and CENP-E also 
displays a double band pattern, localizing to microtubules on either side of the Flemming body 
(Liu et al., 2006).  This may even increase the blockade effect of a septin diffusional barrier as it 
now directly links the membrane barrier to the microtubule cytoskeleton and anchors it there. 
This would be consistent with our observation that spastin directly localizes to the region of 
septin rings, while ESCRTIII does not. Spastin may degrade the microtubules associated with a 
CENP-E/SEPT7 complex and release the anchored diffusion barrier and allow for transition of 
the ESCRTIII complex to the secondary ingression zone. Alternatively, CENP-E is also slowly 
degraded over the course of late cytokinesis (Lui et al., 2006) which could also release an 
anchored septin diffusion barrier. This would explain the slow disassembly of septin rings.  
.  Septin localization in budding yeast bear a striking resemblance to our observations of 
septin rings in MDCKs. First, a single septin ring forms at the site of the yeast bud (Faty et al., 
2002). As the newly budding cell emerges and expands outward from this ring, nuclear division is 
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completed and the septin ring splits into two rings (Faty et al., 2002). This is marked similar to 
our observations of septin ring splitting following cleavage furrow ingression (Figure 1A). Yeast 
septin rings are known to act as diffusional barriers to membrane bound proteins at the mother 
daughter bud neck (Faty et al., 2002). Using temperature sensitive mutants of the yeast septin 
cdc12, it has been shown that GFP tagged, membrane bound proteins at the mother daughter neck 
are prevented from diffusing back into the mother bud (Faty et al., 2002). Switching these yeast 
into the restrictive temperature causes the disassembly of the septin ring and diffusion of GFP 
into the mother bud, showing that septins form diffusional barriers during yeast cytokinesis (Faty 
et al., 2002).  
Our hypothesis that septins in mammalian cells are regulated by phosphorylation is also 
supported by previous work on septins in HeLa cells and in yeast. Septin 1 has been reported to 
be phosphorylated at several residues by Aurora B kinase in HeLa cells (Qi et al., 2005). 
Phosphorylation is also known to regulate septin ring dynamics in budding yeast where the 
immobilization and stability of septin rings are mediated by Cla4 and Gin4 kinases (Dobbelaere 
et al., 2003). The activity of these two kinases is opposed by Rts1, a regulatory subunit of PP2A, 
a protein phosphatase which appears to dephosphorylate yeast septin Shs1 (Dobbelaere et al., 
2003). Rts1 activity allowed for septin ring dynamics during yeast cytokinesis and yeast mutants 
deficient for this protein failed to complete cytokinesis (Dobbelaere et al., 2003). In mammalian 
cells, Aurora B kinase activity is opposed by the phosphatase PP1 (Wurzenburger and Gerlich, 
2011). It is attractive to hypothesize that septin phosphorylation by Aurora B kinase could 
stabilize septin rings. As Aurora B kinase activity diminishes over the course of cytokinesis, PP1 
phosphatase activity could cause the disassembly of septin rings and allow for the transition of 
the ESCRTIII complex to the secondary ingression site. Interestingly, septins are not known to 
localize to microtubules in yeast cytokinesis which may suggest an evolutionarily new role for 
septins in mammalian cells. This function is seemingly dispensable, as most cells overexpressing 
26 
 
SEPT2(S31D) mutants were still able to complete cytokinesis though they exhibited defects in 
microtubule compaction (Figure 5). I cannot rule out however, that septins contain multiple 
phosphorylation sites and our single mutation is not sufficient to produce cytokinetic failure, 
which is concurrent with a lack of microtubule compaction. In summary, I have characterized the 
spatiotemporal dynamics of septins in late cytokinesis and proposed a role in regulating the 
timing and site of abscission. 
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Chapter 5: Conclusions & Recommendations 
 Here I have characterized the spatiotemporal dynamics of septins in late cytokinesis and 
discovered a novel localization pattern. A membrane bound population of septins exhibits a 
spatiotemporal interplay with key abscission components and may act as a diffusion barrier for 
the proper assembly of the cytokinetic machinery. A second population of septins is bound to 
microtubules where they appear to act as bundling proteins. It is unclear how these two distinct 
populations are produced but the data indicate that the mitotic regulator Aurora B kinase may 
play a role. Further investigation will be required to properly test these hypotheses. Namely, 
experiments which can disrupt septin ring formation are required to test their role as diffusional 
barriers. Perhaps this can be accomplished through microinjection of septin specific antibodies. 
Radiolabeling experiments to probe the phosphorylation state of septins when exposed to Aurora 
B kinase are also required to test septins other than septin 1 as potential substrates of Aurora B 
kinase. Thes experiments will further explore the role of septins as important components of the 
abscission process and test their potential involvement in the NoCut checkpoint. Further 
investigation into the mechanisms that regulate septin localization could lead to our 
understanding of how changes in septin expression can affect cell division, leading to polyploidy 
and aneuploidy. 
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